In vitro proliferation and cytokine production were investigated in BALB/c mice splenic cell cultures that were stimulated with concanavalin A (ConA) and lipopolysaccharide (LPS) and simultaneously exposed to salivary gland extracts (SGE) of unfed and partially fed adult ixodid ticks (Ixodes ricinus, Rhipicephalus appendiculatus, Amblyomma variegatum). Generally, tick SGE enhanced proliferation of unstimulated splenocytes and SGE of unfed ticks suppressed mitogen induced proliferation. Partially fed R. appendiculatus and A. variegatum suppressed ConA responses, while partially fed I. ricinus stimulated both ConA and LPS induced proliferation. A. variegatum and R. appendiculatus females slightly enhanced LPS responses 2 days after attachment but suppressed them at the end of the slow feeding phase. In 72 h ConA induced cell cultures, interferon gamma (IFN-γ) production was suppressed by SGE of all ticks, interleukin (IL)-10 production was enhanced by unfed I. ricinus and partially fed A. variegatum males and IL-5 production was enhanced by feeding R. appendiculatus females and A. variegatum males. The study revealed variability in the responsiveness of murine splenocytes to SGE of different ixodid tick species, whereby patterns of host immunomodulation within one tick species differed between sexes and changed during feeding.
Introduction
Ticks belong to major vectors of pathogens causing disease of humans and animals. Hard ticks (Ixodidae) remain attached to their hosts for several days to weeks. During this prolonged blood meal several genes are induced and new proteins that are potentially involved in the modulation of host immune responses are secreted into the host via tick saliva (Leboulle et al. 2002b) . Tick salivary compounds are essential for completion of the feeding process and tick survival, and can modulate both innate and acquired immunity of the hosts (Gillespie et al. 2001; Leboulle et al. 2002b) , whereby interand intraspecific variations in the composition and effects of tick saliva must also be considered (Brossard & Wikel 2004) . Some hosts develop resistance to tick infestations, while others develop no protective immunity. Host resistance or susceptibility depends on the tick-host association and may result from inhibition of CD + T cell activation as well as tick-induced modulation of the host cytokine network (Anguita et al. 2002; Andrade et al. 2005; Hajnická et al. 2005) .
Tick saliva and salivary gland extracts are known to affect both the innate and adaptive arms of the host immune response (e.g., Ramachandra & Wikel 1992; Kubeš et al. 1994; Ferreira et al. 1998; Schoeler et al. 2000; Gwakisa 2001; Mejri et al. 2002; Hannier et al. 2003) . Repeated tick infestations as well as salivary gland extracts suppress ex vivo production of macrophage proinflammatory cytokines and the secretion of T H 1 cytokines, whereas they upregulate T H 2 cytokines, indicating a T H 2 polarization of the host immune response (Ferreira & Silva 1999; Kovář et al. 2001 Kovář et al. , 2002 Mejri et al. 2001) . Due to the anti-inflammatory effect of T H 2 cytokines, tick induced T H 2 cytokine profile seems to be advantageous for the survival of the ectoparasite and may also enhance the transmission of tick borne pathogens (Schoeler & Wikel 2001; Wikel & Alarcon-Chaidez 2001) . It is suggested that various tick salivary compounds may have competing activities during infestation (either stimulative or suppressive) and parasite load (the amount of saliva injected) may also influence tick feeding and pathogen transmission (Mejri et al. 2001 (Mejri et al. , 2002 . Males of some hard ticks are involved in helping their mates to feed successfully and probably contribute to host immunomodulation (Rechav & Nuttall 2000; Bior et al. 2002; Kubeš et al. 2002; Hajnická et al. 2005 ).
An earlier study on modulation of human T cell proliferation indicated interspecific, feeding-induced and intersexual differences in the effects of salivary gland extracts of three hard tick species (Rolníková et . 2003) . However, despite relatively extensive knowledge on tick-induced host immunomodulation, only a few active molecules have been identified and characterized in tick salivary glands Valenzuela et al. 2000; Gillespie et al. 2001; Jaworski et al. 2001; Anguita et al. 2002; Leboulle et al. 2002a; Hannier et al. 2004; Yu et al. 2006) and there is no tick whose immunomodulatory strategies are elucidated in their complexity.
The objective of this study is to compare effects of salivary gland extracts derived from unfed and partially fed male and female ixodid ticks (Amblyomma variegatum, Rhipicephalus appendiculatus) and female Ixodes ricinus on in vitro proliferation of naïve BALB/c mice splenocytes stimulated with ConA and LPS, and production of IFN-γ (T H 1), IL-5 and IL-10 (T H 2) cytokines by these cells.
Material and methods

Animals
Eight-to 10-week old BALB/c female mice were purchased from Masaryk University (Brno, Czech Republic), females of ICR mice (8 weeks old) and Trick guinea pigs (weight 250-300 g) from the Department of Toxicology and Dobrá Voda breeding station (Inst. Exp. Pharmacology, Slovakia) and California rabbits (weight 2.5-3 kg) from the Research Institute of Animal Production (Nitra, Slovakia). Animals were maintained at the Institute of Virology under standard conditions (20-21
• C, 50-60% relative humidity, 12 h light regime) and fed a commercial diet and water ad libitum, according to guidelines for the care and use of laboratory animals.
Ticks and tick salivary gland extracts Adult Ixodes ricinus (L., 1758), Rhipicephalus appendiculatus Neumann, 1901 and Amblyomma variegatum (F., 1794) ticks were derived from colonies maintained at the Institute of Zoology (Bratislava). Ixodes ricinus colonies were regularly supplemented with tick-borne encephalitis virusfree field collected adults and their progeny was screened for Borrelia burgdorferi s. l. by PCR, with negative results. Salivary glands (SG) were dissected from unfed adult ticks or ticks that were allowed to feed in groups within retaining chambers glued to shaved backs of laboratory animals. I. ricinus females were fed on ICR mice for two or five days, females and males of R. appendiculatus were fed on guinea pigs for two or 6 days. Adult A. variegatum were fed on California rabbits for two or 9 days while male ticks were placed on hosts four days before females were added.
Ticks were gently removed from laboratory animals at certain stages of feeding and surface-sterilised with 70% ethanol and distilled water. Their salivary glands (SG) were dissected under chilled sterile 150 mM NaCl, rinsed twice in 150 mM NaCl and pooled in Eppendorf tubes (pools of 10-50 SG pairs) and immediately frozen at −70
• C. Prior to the assays, batches of salivary glands were quickly thawed, homogenised using a pellet pestle (Sigma) and centrifuged in a bench top centrifuge at 12,000 × g and 4
• C for 10 min. Supernatants were removed, pellets re-suspended in 150 mM NaCl and re-centrifuged. Supernatants (salivary gland extracts = SGE) were pooled and the protein concentration in the SGE was determined using the Bradford assay (Bradford 1976) adapted to microplates. SGE were diluted to a concentration of 20 µg soluble protein ml −1 RPMI 1640 medium.
Cell culture BALB/c mice were sacrificed by cervical dislocation. Their spleens were dissected under sterile conditions and homogenized in 2 ml RPMI 1640 medium, supplemented with 10% foetal calf serum, 2 mM L-glutamine, 100 U/ml penicillin, 100 µg/ml streptomycin mixture (all purchased from Cambrex) and 10 mM Hepes (Seromed). The homogenate was filtered through a cotton plug placed in a sterile Pasteur pipette and centrifuged at 400 × g at room temperature (RT) 10 min. After centrifugation, erythrocytes were lysed by addition of 500 µl sterile distilled water. The tube was gently shaken for 10 s and subsequently 500 µl of sterile 2 M NaCl and 5 ml RPMI 1640 were added. The homogenate was re-centrifuged, the supernatant was discarded and 5 ml RPMI 1640 were added. Splenocytes were counted and resuspended (5 × 10 6 cells ml −1 for proliferation or 10 7 cells ml −1 for cytokine production) in RPMI 1640. Splenocyte suspensions (100 µl per well) were distributed to flat bottom 96-well plates (TC Microwell 96, NUNC).
In vitro proliferation assay
To each well of the 96-well plate containing splenocyte suspension (5 × 10 5 cells set in triplicates and 10 6 cells set in quadruplicates for each variant in proliferation and cytokine assays, respectively) either 50 µl of RPMI medium (unstimulated cells) or 50 µl of Concanavalin A (ConA, Sigma; 20 µg ml −1 RPMI) or 50 µl of bacterial lipopolysaccharide (LPS, lipopolysaccharide from Escherichia coli K-235, Sigma; 20 µg ml −1 RPMI) and 50 µl RPMI medium containing 1 µg SGE soluble protein were added. Mitogens were added simultaneously with SGE. Control cultures without addition of SGE were set along each treatment. Splenocyte cultures were incubated for 72 h at 37
• C in 5% carbon dioxide. To measure cell proliferation, 20 kBq of tritiated thymidine ([ 3 H]TdR, with a specific activity of 0.74-1.10 TBq/mmol, Amersham) in 50 µl RPMI 1640 were added to each well 6 h before cell harvest. The cells were harvested onto glass micro-fibre filters (Whatman) using an automatic cell harvester (Auto-Mash, Dynex). The uptake of tritiated thymidine was determined by liquid scintillation counting on a beta counter (Spectral, LKB). All samples were tested in triplicate and each assay was repeated 6-8 times. Mean disintegrations per minute (DPM) were determined for each sample. Absolute values measured in individual replicates were transformed to relative values and are expressed as percentage of inhibition/stimulation of cell proliferation as compared to controls (without addition of SGE). The percentage of stimulation/inhibition was calculated as follows:
Percentage of stimulation/inhibition of cells without addition of mitogens (S/I):
Percentage of stimulation/inhibition of cells with addition of mitogens (SM/IM): Differences in responses to female and male SGE within a tick species and treatment: * P < 0.05, ** P < 0.01 (t-test).
Cytokine assay A capture enzyme-linked immunosorbent assay (ELISA) was employed to detect interferon gamma (IFN-γ), interleukin (IL)-10, and IL-5 in cell culture supernatants after 24 and 72 h cultivation, using pairs of cytokine-specific monoclonal antibodies: R4-6A2 and XMG1.2 for IFN-γ, TRFK5 and TRFK4 for IL-5 (Šoltýs & Quinn 1999) . For colorimetric determination, streptavidin POD conjugate (Boehringer Mannheim, Germany) and ABTS [2,2'-azinobis (3-ethylbenzthiazoline-6 sulfonic acid), Sigma] substrate were used. Two well replicates were used for each analysis. Results were expressed as pg ml −1 using murine recombinant IFN-γ and IL-5 (Pharmingen) as standards. The detection limit of the assay for both cytokines was 40 pg ml −1 . Production of IL-10 was detected by the BD OptEIATM Set Mouse IL-10 kit (BD Biosciences) according to the included protocol. Results were expressed as pg/ml using a standard curve. The detection limit of the assay was 20 pg ml −1 .
Statistical analysis
One-way analysis of variance (ANOVA) followed by the Bonferroni test for pair-wise comparisons were used to evaluate splenocyte proliferation data. Responses of splenocytes to SGE of male and female ticks of the same species and feeding stage were compared by two-sample analysis (ttest). For statistical analyses, percentages were transformed to arcsine √ p to meet the criteria of parametric statistical tests. In all statistical analyses, P < 0.05 was considered significant.
Results
In vitro proliferation of BALB/c splenic cells was significantly affected by cultivation with tick salivary gland extracts. The patterns of responses of splenocytes to SGE varied between unstimulated and mitogen stimulated cells and differed when cultured with SGE of females and males as well as with SGE of unfed and partially engorged ticks. Generally, tick SGE enhanced proliferation of splenocytes that were not stimulated with mitogens (Fig. 1) . In I. ricinus, SGE of 2-day fed females had the strongest stimulatory effect, while in R. appendiculatus and A. variegatum females the stimulatory effect of SGE decreased during feeding. In contrast, the effect of male R. appendiculatus SGE remained at the same level during feeding, while the effect of SGE of male A. variegatum, similarly to females, significantly decreased during feeding and SGE of 9-day fed males had a suppressive effect. The stimulatory effect of female SGE was significantly stronger than in males in unfed R. appendiculatus and 9-day fed A. variegatum.
Except for partially engorged I. ricinus females, SGE of all examined ticks and their feeding stages suppressed ConA induced proliferation (Fig. 1) . However, in R. appendiculatus and A. variegatum the differences in the effect of SGE during feeding were not significant and the inhibitory effect of female SGE was significantly stronger than in males in 9-day fed A. variegatum.
Similarly as in ConA induced responses, SGE of unfed I. ricinus females suppressed LPS induced proliferation whereas SGE of partially engorged females significantly enhanced LPS responses (Fig. 1) . SGE of 2-day fed R. appendiculatus and A. variegatum females slightly enhanced LPS induced proliferation. In contrast, SGE of both unfed ticks and ticks at the end of the slow feeding phase suppressed LPS responses. SGE of male A. variegatum suppressed proliferation, except unfed ticks. Differences between the effect of SGE of 2-day fed male and female R. appendiculatus and between unfed and 2-day fed male and female A. variegatum were significant.
Cytokine production also varied in cultures treated with SGE of different tick species and their feeding stages. Results for ConA induced splenic cell cultures are presented in Fig. 2 . IFN-γ production was suppressed by addition of SGE of I. ricinus, R. appendiculatus and unfed A. variegatum after 24 h cultivation, but after 72 h cultivation the production of IFN-γ was decreased by all examined SGE. In contrast, IL-10 production was suppressed by SGE of partially engorged I. ricinus and R. appendiculatus females, but it was enhanced by SGE of 2-and 9-day fed males of A. variegatum after 72 h cultivation. IL-5 production was considerably suppressed by SGE of I. ricinus females and unfed A. variegatum males and enhanced by SGE of 6-day fed R. appendiculatus and 9-day fed A. variegatum males within 72 h cultivation.
Discussion
There is increasing evidence that immunological interactions at the tick-host interface are important factors in both tick feeding and transmission of tick-borne pathogens (Brossard & Wikel 2004; Nuttall & Labuda 2004) . Inhibition of lymphocyte responsiveness to mitogens in cell cultures exposed to tick saliva or SGE have been reported for several hard tick species (Brossard & Wikel 2004; Andrade et al. 2005) . Tick-borne pathogens potentially can take advantage of the modulation of host immune responses by the vector. Indeed, salivaactivated transmission (SAT) has been demonstrated for several viral and bacterial pathogens (Nuttall & Labuda 2004) .
Immunomodulatory effects of tick infestation and tick saliva, and their implications for pathogen transmission, have been studied extensively in Ixodes scapularis and I. ricinus, both vectors of the Lyme disease spirochaetes. SGE of I. scapularis suppressed proliferation of both unstimulated and ConA induced murine splenocytes (Schoeler et al. 2000) , whereas I. ricinus SGE did not affect proliferation of unstimulated splenocytes (Kovář et al. 2002) , but suppressed ConA induced proliferation (Kovář et al. 2002; Mejri et al. 2002) . Moreover, SGE of I. ricinus down-regulated IFN-γ and up-regulated IL-10 production in LPS induced splenocytes (Kopecký et al. 1999 ), but significantly upregulated IFN-γ in unstimulated splenic cells and decreased IFN-γ production in cultures induced with ConA, and also diminished synthesis of IL-10 and IL-5 mRNA (Kovář et al. 2002) . In another study, SGE of I. ricinus ticks weighing <100 mg markedly down-regulated ConA induced IL-10 production by BALB/c splenic IR0  IR2  IR5  RAF0  RAF2  RAF6  RAM0  RAM2  RAM6  AVF0  AVF2  AVF9  AVM0  AVM2  AVM9 pg/ml 24 h 72 h 0   1000   2000   3000   4000   5000   6000   Control  IR0  IR2  IR5  RAF0  RAF2  RAF6  RAM0  RAM2  RAM6  AVF0  AVF2  AVF9  AVM0  AVM2  AVM9 pg/ml 24 h 72 h Fig. 2 . IFN-γ, IL-5 and IL-10 production in splenic cell cultures from BALB/c mice induced with ConA in the presence or absence of tick SGE. After 24 and 72 h, cytokine production was determined by ELISA in culture supernatants. Samples were assayed in duplicates. IR 0, 2, 5: unfed and 2-and 5-day fed Ixodes ricinus females; RAF 0, 2, 6: unfed and 2-and 6-day fed Rhipicephalus appendiculatus females; RAM 0, 2, 6: unfed and 2-and 6-day fed R. appendiculatus males; AVF 0, 2, 9: unfed and 2-and 9-day fed Amblyomma variegatum females; AVM 0, 2, 9: unfed and 2-and 9-day fed A. variegatum males. Horizontal lines indicate control levels.
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cells, while SGE of ticks of all weight categories inhibited LPS induced proliferation of B cells and inhibited IL-10 production in LPS induced cultures (Hannier et al. 2003) . Inhibition of ConA induced T cell proliferation by partially fed I. ricinus SGE, with the strongest effect of SGE of unfed ticks, was detected in human PBMC cultures (Kovář et al. 2001; Rolníková et al. 2003 ), but proliferation of unstimulated cells was enhanced (Rolníková et al. 2003) . In contrast to previous findings for the murine model, in our study I. ricinus SGE enhanced proliferation of unstimulated BALB/c splenic cells and affected ConA and LPS induced proliferation in a similar waysuppression by unfed ticks and stimulation by partially fed ticks. Moreover, in ConA induced splenic cells, production of IFN-γ and IL-5 were down-regulated by both unfed and partially fed I. ricinus SGE, while only SGE of 5-day fed ticks suppressed IL-10 levels. SGE of R. appendiculatus suppressed mRNA transcription of a number of cytokines in human leucocyte cultures (Fuchsberger et al. 1995) and in a murine macrophage cell line (Gwakisa et al. 2001 ). On our study, R. apendiculatus and A. variegatum SGE down-regulated IFN-γ levels in ConA induced 72 h splenic cell cultures, indicating suppression of inflammation. IL-5 and IL-10 levels varied considerably, showing feeding induced up-regulation of IL-5 and down-regulation of IL-10 by R. appendiculatus female SGE and a feeding induced up-regulation of both cytokines by male A. variegatum, suggesting polarization to the anti-inflammatory cytokine profile.
Most studies attempting to identify immunosuppressants or SAT factors have examined partially fed ticks. Although the expression of novel proteins during engorgement is well documented (e.g., Leboulle 2002b; Steen et al. 2005) , the presence of immunosuppressive substances in unfed ticks is not surprising as they have to counteract host defences as soon as they attach to the hosts. Moreover, considering the fact that transmission of most tick-borne pathogens occurs early after tick attachment, the presence of immunosuppressants and SAT factors may be expected in unfed ticks; later during feeding ticks may reply to the redundant immune system of their hosts with a high degree of redundancy in the repertoire of their immunomodulatory molecules. Recently, it has been demonstrated that immunity directed against salivary proteins expressed in the first 24 h of I. scapularis attachment is sufficient to evoke acquired immunity to tick feeding and also to impair Borrelia transmission (Narasimhan et al. 2007 ).
Our results may reflect competing effects of immunostimulative and immunosuppresive molecules in tick SGE and different relative amounts of immunosuppressive compounds during tick feeding. Clearly our findings need to be elucidated at the molecular level, comparing the composition of SGE of both unfed and feeding ticks. Nevertheless, variations in results on the effect of 5-day fed I. ricinus SGE presented in the studies cited above are difficult to explain, as splenic cells were derived from the same mouse strain and they were treated with comparable concentrations of SGE soluble proteins. Possibly the differences reflect, in part, different hosts used to feed the ticks from which SGE was derived. The extent to which different hosts can induce variations in the expression of immunomodulatory tick salivary proteins during feeding, remains to be explored.
In contrast to I. ricinus, proliferation of unstimulated splenocytes was enhanced most strongly by SGE of unfed R. appendiculatus and A. variegatum females. Interestingly, no significant feeding induced effects were detected in ConA stimulated cells, whereas effects on LPS induced cells considerably varied during feeding of R. appendiculatus females and both sexes of A. variegatum. Compared to results on proliferation of peripheral human T cells where responsiveness to T cell mitogens varied between the three tick species (Rolníková et al. 2003) , responses of ConA stimulated murine splenic cells to SGE of the ticks (except I. ricinus) was quite uniform -suppression. However, the stimulation of proliferation of unstimulated cells by most SGEs that was repeatedly confirmed in our experiments rises the question if SGE contain molecules that (at the concentration applied in our experiments) enhance proliferation of splenic cells and their effect is counteracted by mitogen stimulation.
Comparatively few studies demonstrated interspecific, intersexual or feeding induced changes in tick immunomodulation (Ramachandra & Wikel 1992; Hajnická et al. 2001; Kubeš et al. 2002; Rolníková et al. 2003) . Feeding ixodid tick males obviously can alter host immune responses to their benefit (Wang et al. 1999; Kubeš et al. 2002; Rolníková et al. 2003; Hajnická et al. 2005) . The different role of the sexes in host immunomodulation is also supported by our study. The presence of immunosuppressants in tick males at 48 h after attachment could be important mainly for A. variegatum whose females attach only to those hosts where males already feed. Immunosuppression by 2-day fed A. variegatum males was also supported by earlier findings for human T lymphocyte proliferation (Rolníková et al. 2003) . However, it is still not clear if males and females of the same tick species produce different immunomodulators or identical compounds that are secreted in different amounts and at different feeding stages.
In conclusion, the results of this study suggest that (i) interspecific variability exists in the responsiveness of murine splenocytes to tick SGE, (ii) male ticks contribute to host immunomodulation and (iii) patterns of host immunomodulation change during tick feeding.
